The signal bandwidth of seismic data generally decays with time and is therefore nonstationary. Deconvolution methods designed with this in mind can yield higher resolution than conventional methods which assume stationarity.
Introduction
Anelastic attenuation affects seismic data in a timevariant manner. A pulse travelling through an anelastic medium experiences a time-variant decay that commonly diminishes both amplitude and bandwidth and rotates phase.
Traditionally, anelastic attenuation has been separated into two different issues and each is treated separately. A gain is applied to correct for the amplitude decay and deconvolution is used to remove the source signature and increase the bandwidth. Although this approach has shown reasonable success, a method that corrects for both the time and frequency domain decay simultaneously is needed. To accomplish this, inverse-Q filtering has been developed. One such technique is described in Hale (1982) . Theoretically these methods are more accurate than the gain/deconvolution combination, however industry has been slow to embrace it as Q is difficult to estimate accurately. We propose a data-driven nonstationary deconvolution method, TVSD, that approximately corrects for anelastic attenuation and phase distortion. TVSD has two stages: operator design and operator application. The design phase must estimate the nonstationary power spectrum of the attenuation and source signature and design an inverse operator. Once the inverse is known, it is applied as a nonstationary convolutional filter (Margrave, 1998) . The operator design of TVSD is relatively insensitive to variations in the estimate of Q.
We will demonstrate TVSD on the Blackfoot broadband survey and compare the result to Wiener deconvolution. The Blackfoot broadband survey is a seismic data set, acquired by the CREWES project, from the plains of central Alberta (Stewart et al., 1996) .
Nonstationary spectral model
The purpose of TVSD is to recover the reflectivity from a seismic trace by removing the source signature and nonstationary propagation effects. To achieve this we require a method of examining the variation of the spectral content of the input trace with time, as well as a model that relates the time-variant spectrum (TVS) of the input trace to those effects which we would like to remove.
Our method of TVS computation applies a narrow window to the input trace and calculating the ordinary Fourier spectrum of the windowed data, as shown in Figure  1 . The window is then moved successively down the trace and the Fourier spectrum is calculated for each new position of the window. Typically there is an overlap of 70-90% between neighboring windows. (This result is known as the spectrogram or short time Fourier transform (Cohen, 1995) ). A TVS can be displayed as a grey level plot with frequency as the horizontal coordinate and time as the vertical coordinate. Each row of the plot corresponds to the spectrum of the input data at a specific time. The relative detail in time and frequency in the TVS is related to the window size and amount of overlap, as governed by the uncertainty principle (Cohen, 1995) .
To guide our work, we postulate an extension of the stationary convolutional model into the nonstationary realm. This yields a model of the TVS, S(t,f), of a raw 1-D seismic trace:
where R(t,f) is the TVS of the earth's reflectivity function. M(t,f) is the TVS describing multiple reflections, W(f) is the stationary spectrum of the source signature including stationary near surface effects, α(t,f) is a generalized attenuation function, and φ(t,f) is the phase associated with attenuation. If α=1/Q(t), the exponential attenuation becomes the constant Q model of attenuation (Kjartannson, 1979) . Taking the magnitude of Equation (1) gives a relation between the amplitude spectrum of each component:
(2) Note that if the time dependence of equation (2) vanishes, then the stationary convolutional model results.
From equation (2) we can see the amplitude spectrum of the forward operator, a propagating wavelet |W p (t,f)|, acting on the reflectivity is modeled as:
For fixed t, |W p (t,f)| gives the Fourier amplitude spectrum of the propagating wavelet at that time. The forward operator contains the attenuation and source effects and it physically represents a wavelet propagating through a 1-D earth and attenuating with time.
The assumptions that have been made to simplify the spectral inversion process limit the TVSD procedure. We assume one-dimensional wave propagation and therefore require spherical divergence corrections to be applied prior to TVSD.
Also, as with stationary deconvolution, TVSD cannot correct for all multiple effects, although it can potentially handle a wider class of multiples than stationary deconvolution. For simplicity, we assume that the attenuation depends only on traveltime and not raypath. The phase computations in the TVSD algorithm are handled with a digital Hilbert transform. Since minimum-phase attenuation is created in the earth through analog means, removal of this phase through digital means is inexact (Bickel and Natarajan, 1985) . We assume R(t,f) is white in f and stationary in t. This may not be so.
Method
We want to create a nonstationary operator directly from the input data that contains the source signature as well as undesirable characteristics related to anelastic attenuation. Similar to stationary Fourier domain deconvolution we assume that the reflectivity effects can be removed through smoothing the amplitude spectrum of the TVS (|TVS|) of the seismic trace to estimate the forward operator. It is not clear what the smoothing does to |M(t,f)|. Furthermore, as with stationary deconvolution techniques, our smoothing method will imperfectly remove reflectivity effects and bias the embedded wavelet spectrum. The forward operator can be left as zero phase or coupled with a minimum phase spectrum, which seems reasonable as we expect the earth to have minimum phase attenuative processes. The forward operator is then inverted and applied to the data using nonstationary filtering theory.
The first step of the TVSD algorithm is to apply an approximate and deterministic exponential gain to the input trace. This is done to prevent aliasing of the steep decay surface when the input trace is windowed during the calculation of the TVS. The gain is a computational convenience and allows the TVS to be sparsely sampled in time. The |TVS| of the gained trace is modelled as:
where λ is a gain constant. Figure 2 shows the |TVS| of a stacked, gained, undeconvolved trace from the Blackfoot broadband survey before input into TVSD.
The attenuation can be modeled as an exponential surface in frequency and time whose shape is determined by the quality factor, Q (assumed to be nearly constant). Assuming that an estimate of Q, ˆ Q , is available and setting M(t,f) to unity, the attenuation/gain surface can be removed approximately from the |TVS| of equation (4) to produce a residual spectrum:
or approximately:
The residual spectrum, |ρ(t,f)|, is mostly free from attenuation effects and is dominated by the spectra of the source signature and reflectivity. In line with Fourier domain deconvolution, we assume the general trend of the residual spectrum is due to the source signature and the detail in the spectrum is from the reflectivity. This residual spectrum is then smoothed two-dimensionally with time and frequency smoothers to estimate |W(f)|. The determination of optimal smoother lengths requires parameter testing and judgement. In this manner, the reflectivity effects can be supressed in the |TVS| without overly biasing the attenuation effects.
After the smoothing process, the attenuation surface is restored to the smoothed residual spectrum to yield an estimate of the amplitude spectrum of the propagating wavelet with gain applied:
where
is the smoothed residual spectrum. This operator may be left as zero phase or combined with a minimum phase spectrum. The minimum phase spectrum is calculated with a one-dimensional Hilbert transform, H, of the natural log of the amplitude spectrum over frequency at constant time:
This operation is performed on each row of the time-variant amplitude spectrum to create a time-variant phase spectrum.
The |TVS| of the propagating wavelet is inverted and combined with the phase spectrum, to produce the inverse operator:
Nonstationary deconvolution
The inverse operator, W p (t,f) -1 , is then applied to the trace using nonstationary filter theory (Margrave, 1998) . The spectrum of the reflectivity estimate is given by:
An inverse Fourier transform is computed on R(f) to obtain the reflectivity estimate in the time domain. In this manner, the time-variant operator is applied continuously to the data and windowing is avoided.
Q and nonstationary deconvolution
TVSD is relatively insensitive to errors in the estimate of Q. The Q estimate is only used in the operator design stage to remove an approximate attenuation surface from the |TVS| of the input data and the same attenuation surface is replaced after smoothing the residual |TVS|. If the estimate of Q is erroneous then the residual |TVS| will be distorted and this distortion will effect the smoothing. In either case, the error must be dramatic to adversely affect the output trace. Figure 3 shows a trace from the Blackfoot broadband survey that has been deconvolved several times with Q ranging from 25 to 150. The output traces show little variation.
Examples
The Blackfoot broadband survey was processed separately with both Wiener deconvolution and TVSD to compare the performance of both processing techniques. Both types of deconvolution were applied post-stack for computational ease.
Pre-stack processing included spherical divergence corrections, elevation and residual statics, bandpass filter, mute, trace equalization and stack. Figure 4 shows the stacked data set after pre-stack processing. Post-stack processing includes the application of Wiener deconvolution in one flow, or TVSD and a timevariant high cut filter, chosen to reject high frequency noise, in the second flow. Both flows were completed with trace equalization, F-X deconvolution, bandpass filter and phase-shift migration. An estimated Q value of 90 was used in the TVSD algorithm. Figure 5 shows the seismic section that was processed with Wiener deconvolution and Figure 6 shows the section processed with TVSD. The TVSD section has better event standout and higher resolution. The |TVS| of one of the traces deconvolved with Wiener deconvolution (Figure 7) can be compared to the |TVS| of the same trace deconvolved with TVSD (Figure 8 ). Both |TVS|'s show increased bandwidth at all times as compared to the |TVS| of the input trace (Figure 2) .
However, the trace deconvolved with TVSD shows greater bandwidth than the trace deconvolved with Wiener deconvolution. The example shown here designed an independent TVSD operator for each trace. However, once designed, such operators can be applied to as many trace as desired. Thus, average operators can be designed for any data ensemble and applied to all traces in the ensemble.
Conclusions
TVSD is a processing technique that combines deconvolution and inverse-Q filtering. It applies a continuous data-driven operator to input data to remove the effects of anelastic attenuation, source signature and minimum phase rotation. Due to the method of operator design, TVSD tolerates reasonable errors in the estimate of Q. It can be applied as a post-stack or pre-stack process, and in single channel or profile mode. The resulting seismic data shows increased resolution and better reflectivity character than is obtained with stationary methods. Figure 7 . A high frequency cut-off filter has been applied to the |TVS|. The filter is specified to attenuate frequencies greater than 100 Hz at 0 sec. and changes linearly to attenuate frequencies greater than 50 Hz at 2 sec.
